Austin was bom on 8 July 1897 in Hampstead, the third son and the third of six children to Sir Leonard Erskine Hill, professor of physiology at the London Hospital Medical College, and Janet Alexander. The Hill family was one in which he took justifiable pride, for each of the four preceding generations had had one member or more noticed in the Dictionary of National Biography, including an educationalist, a criminal-law reformer, a mechanical inventor, a Johnsonian scholar, and two Fellows of the Royal Society. These last were Sir Rowland Hill, Austin's great-great-uncle, who invented the rotary press and reformed the postal service, introducing the penny post in 1840 against strong opposition, and his father, Sir Leonard Hill, who made major contributions to knowledge of the cerebral circulation and the hazards of rapid decompression of divers.
AUSTIN BRADFORD HILL was described in one of his obituary notices as the greatest sta tistician of the 20th Century, despite the fact that he held no specialist qualification in either medicine or statistics. If, however, greatness is measured by the influence of a man's teaching and example there can be no doubt that he had earned this accolade. For he taught an innumerate profession to think quantitatively, persuaded it to adopt the principle of ran domization in its assessment of the efficacy of therapy, and laid the basis for the explosive development of epidemiology, by showing how the old science could be refurbished as a tool to discover the causes of non-infectious disease.
its soccer team, and twice winner of the 3-mile road race and paper chase cups, while gaining no more than a run-of-the-mill school certificate in English, Maths, Latin, and Greek. Inspired by his father, but with no clear idea of how he intended to practise, he determined to study medicine; but he declined to do so during World War I and stayed on at school an extra year, becoming head boy, as his father would not let him enlist while under age. The visit to the school of a friend's brother in a Royal Flying Corps plane, which he crashed on the cricket field and climbed out of unhurt, interested him in flying and on leaving school he took a commission in the Royal Naval Air Service.
During training as a pilot he crashed once, as a result of engine failure, appropriately into Chingford reservoir. Subsequently he was posted first to the north-east coast to patrol in search of German submarines and then, in 1917, to the Greek islands in support of the attack on the Dardanelles. Whilst there, he developed pulmonary tuberculosis which nearly put an end to his life, but in retrospect probably saved it. Back in England in November 1917, with a temperature of nearly 105 °F, he was invalided out of the Service to die. After nine months in bed at home he had an artificial pneumothorax induced at the Maudesley Sanatorium and slowly began to recover. Medicine, however, was out of the question as a career and a uni versity course in science would have required attendance at a laboratory for practical work, which his health would not permit. He had no interest in an arts degree and at the suggestion of Major Greenwood, F.R.S., who had been his father's demonstrator in physiology at the London Hospital and had remained a close family friend, he opted for a degree in economics, which he could take as an external student of London University. With the rather ineffectual aid of a correspondence course and a great deal of reading, Bradford Hill obtained the London B.Sc. (Econ.) with second class honours in 1922, having attended the University itself twice -for the intermediate and final examinations. C a r e e r Bradford Hill enjoyed his study of economics, but he had no desire to make a career in that field. With the support of Greenwood, who had become the medical officer in charge of statistical work at the Ministry of Health and was a close friend of Sir Walter Morley Fletcher, the first Secretary of the Medical Research Council, he obtained a grant from the Council to investigate the reason for the high mortality at 15-30 years of age in country dis tricts, when mortality at other ages was relatively low. Whilst conducting this investigation, he had the opportunity of extending his knowledge of statistics by attending part of the course for the London B.Sc. at University College. The mathematical lectures found him out of his depth, but he was impressed by Karl Pearson's ideas, enthusiasm, and drive and by the philosophy underlying the mathematics, and he settled for a career in epidemiology with (as he intended) a special interest in occupational medicine. For the next 10 years he continued to work for the Medical Research Council, at first on grants and then as a staff member, and he continued his association with Greenwood as a member of the Medical Research Council's statistical committee under Greenwood's chairmanship.
In 
T e a c h i n g o f m e d i c a l s t a t i s t i c s
Bradford Hill's first great contribution to the development of British science began shortly after his appointment to the London School of Hygiene and Tropical Medicine, where he found himself responsible for teaching the elements of statistics to medical postgraduates who, as a group, had little liking or aptitude for mathematics. The lectures that he prepared were so effective that he was persuaded to publish them as a series of articles in the Lancet and subsequently to have them reprinted in book form as Principles o f Medical Statistics (Hill, 1937) *.
At that time the position with regard to the use of statistics in medicine was accurately described in the Lancet (Anon., 1937) editorial that accompanied his first article: It was Bradford Hill's genius that led him to respond to this situation, not by pressing the need for deferring to a statistical consultant, but by insisting that the worker in medical prob lems, in clinical as well as preventive medicine, must himself know something of statistical techniques, both for the planning of experiments and the interpretation of figures. For it was only in this way that the medical worker would genuinely come to appreciate the contribu tion of statistics and learn to accept the statistician as a partner in research, who, on his side, had to steep himself in the realities of medical life.
The 17 articles that Bradford Hill published weekly in the Lancet from January to April 1937 (Hill, 1937) took the reader by the hand from procedures for presenting statistics and the use of the mean, median, and mode, through the variability of samples, the calculation of the standard deviation and differences between proportions and the frequency of their occur rence by chance, to the use of the %2 test, the correlation coefficient, and life tables, and ended with three lucid chapters explaining common fallacies and misunderstandings. Most importantly, the statistical procedures were all described in straightforward English, (Observed number -Expected number) Expected number
This presentation of the aim of the statistical method and of its practical application to the sort of problems that physicians regularly encountered met a need so successfully that when the articles were republished in book form, a third edition had to be reprinted twice and a fourth and expanded edition produced within ten years. Various editions were subsequently translated into Spanish, Korean, Indonesian, Polish, and Russian, and a twelfth and enlarged edition appeared shortly after he died, with his son I.D. Hill as a joint author, under the title of Bradford HilVs Principles o f Medical Statistics (Hill & Hill, 1991) .
The fact that statistical analysis is now an integral part of almost every medical publication is due to the work of many gifted statisticians throughout the world. The fact that the medical profession awoke to its need in the middle of the century was due primarily to its exposition by Bradford Hill.
I n t r o d u c t i o n o f r a n d o m i z a t i o n i n t o m e d i c a l t r i a l s
With the background provided by his Principles o f Medical Statistics, Bradford Hill was able to contemplate introducing physicians to the idea of randomization in the conduct of controlled trials and, in 1946, he persuaded two Medical Research Council committees to adopt the method: first, in preventive medicine, to test the value of a pertussis vaccine (Medical Research Council Whooping-Cough Immunization Committee, 1951 ) and second, a few months later, in clinical medicine to test the efficacy of streptomycin in the treatment of pulmonary tuberculosis (Medical Research Council Streptomycin in Tuberculosis Trials Committee, 1948) . The results of the latter were published first and it has undeservedly received the accolade of the first randomized trial.
Historical background
Randomization was not, of course, a new idea. It had been proposed in a limited way 300 years before by van Helmont, a medicinal chemist, when he challenged the academics of his day to compare the efficacy of their treatment with his: The challenge was not, however, taken up, van Helmont failed to get the chance of the 300 florins he was prepared to wager on the result, and the idea was not developed in a more practical way until the 1920s, when Fisher (1926 Fisher ( , 1935 adopted it as a basic principle of experimental design in agriculture and showed how it could be used not only to ensure the avoidance of bias in the selection of subjects for treatment, but also to provide an optimal estimate of the likelihood that the differences observed between the treatment groups could have arisen by chance, if the treatments were in reality equally effective or ineffective.
It is difficult now to appreciate how revolutionary Bradford Hill's suggestion seemed when he first recommended randomization in the clinical field. Until then, new treatments had mostly been introduced on the basis of the results reported by senior members of the medical profession, who had tried them out on a series of patients or (in the case of preven tive measures) on a series of healthy people and concluded that the outcome was better than that reported by others or obtained by themselves in the past. This was fine, when the new treatment had a dramatic and quickly detectable effect, as occurred with insulin, vitamin B12, and the sulphonamides; but new treatments as efficacious as these were few and far between and the system led to many false claims for treatments that were useless and some times actually harmful and it hindered, if it did not entirely prevent, the recognition of small advances that could, however, be important if the condition treated was common. The snag was the variability in the type of patient who presented to different practitioners at different times and the variability in the type who was selected by the practitioner for treatment from among those who presented.
By the end of the last century it had been recognized that this variability could be compen sated for by the simple expedient of having a concurrent series of controls and imposing a deliberate rather than a haphazard system of treatment allocation. A simple solution was to treat alternate patients with the new remedy, and this system was adopted by Fibiger (1898) when diphtheria antiserum became available in the 1890s and it was recommended a few years later by Pearson (1904) when he was asked to assess the value of the various forms of immunization that had been used in the British Army. Obvious though it seems, this simple technique was adopted only slowly and it was still the exception rather than the rule in 1937 when its use was advised by Bradford Hill in his Lancet articles (Hill, 1937) . The method was, however, far from ideal, as practice proved that bias could enter into the doctor's decision to include a patient in his experimental series, if he knew which treatment the patient might be expected to receive before the decision was made about the patient's suitability for inclusion. Bradford Hill appreciated this and explained shortly before he died that in his 1937 articles he 
The streptomycin trial
The second randomized trial that Bradford Hill persuaded a Medical Research Council committee to undertake had, like the first, the strong support of Philip D 'Arcy Hart and Marc Daniels, the Director and Deputy Director of the M RC's Tuberculosis Research Unit, and had two other features, other than randomization, that also helped to mark it out as a land-mark in the history of medical research. One was the emphasis that was laid on recording events that were to be used to assess the results in such a way that the record would be unbi ased by knowledge of the treatment that the patient had received. This, it was recognized, could be achieved in three ways: by counting as end-results only indisputable events like death; by blinding the investigator as well as the subject to the nature of the subject's treat ment; and by arranging for events that involved an element of subjective judgment, such as the degree of change in an X-ray shadow, to be determined independently by someone igno rant of the treatment schedule. After consideration, the committee on Bradford Hill's advice adopted the first and third.
The other feature was the attention paid to ethical considerations, before any medical body had issued lines of guidance and long before ethical committees had been established to vet proposals for research. The first issue that had to be faced was whether it was ethical to with hold the drug from any patient. Streptomycin had been discovered two years previously, it had been shown to have a powerful effect in vitro and in guinea pigs, and the published results of its clinical use were distinctly encouraging. There was, however, only a small amount in Britain and foreign exchange was not available to buy more. It was agreed, there fore, to use the limited supplies to treat patients with miliary tuberculosis and tuberculous meningitis, conditions that had previously been invariably fatal. The amount left over was insufficient to treat more than a tiny proportion of the many desperately ill people with other types of tuberculosis and the committee concluded that 'it would . . . have been unethical not to have seized the opportunity to design a strictly controlled trial which could speedily and effectively reveal the value of the treatment' (Hill, 1963) . The question whether it was ethically justifiable to withhold the drug from any patient was, therefore, answered unhesitat ingly 'Yes'.
Two other questions that the committee considered were (1) whether the physician in charge of patients could modify the schedule, and (2) whether the control patients should be given placebos. The doctor, it was agreed, must always 'do for his patient whatever he really believes to be essential for that patient to return him to health ' (Hill, 1963) . This meant that if any patient seemed likely to benefit by collapse therapy -the only specific treatment avail able for pulmonary tuberculosis before the introduction of streptomycin -the treatment must be given irrespective of whether it upset the balance of the streptomycin and the control groups, as it in fact proved to do. As for the use of a placebo, this was ruled out in the patients' interest, as it would have required an intramuscular injection four times a day for four months. The response to treatment could be assessed quite objectively without it, psy chological factors could have little impact on such a serious disease, and there was, as Bradford Hill said (Hill, 1963) 'no need in the search for precision to throw common sense out of the window'.
The committee did not discuss the need to obtain 'informed consent', as it had not at the time become a subject for concern. The patient's agreement to participate was mentioned in the reports of most of the trials in which Bradford Hill was involved, but the method by which it was obtained was not described. To him, the over-riding issue was the welfare of the patient, and he inveighed strongly against the compulsion to obtain formal consent if this required a frightening account of the risks associated with the condition from which the patient suffered: The question he asked might be answered differently today, but the principle with which he was concerned, that there should not be double standards for the ethics of therapeutic trials and of routine medical care, is still valid (Medical Research Council, 1964; Collins et al., 1992) and ought to be the determining factor in our approach to patients. To seek informed consent when it was against the patient's interest to do so was, in his opinion, unethical and should be dispensed with, subject, as would now generally be agreed, to approval by an appropriate independent committee.
In the event, the ethics of the trial were not challenged, there was no problem of compli ance, and the effect of the drug proved to be so great that, even though supplies were suffi cient for the treatment of only about 50 patients (Hill, 1990 ), a clear reduction in fatality emerged after the patients had been observed for six months. Streptomycin was accepted as the standard treatment for tuberculosis and the Medical Research Council's committee was able to turn its attention to finding out, by means of further randomized trials, how to over come the development of bacterial resistance (Medical Research Council Tuberculosis Chemotherapy Trials Committee, 1952) .
D e v e l o p m e n t o f e p i d e m i o l o g y
To Bradford Hill, however, statistics were never more than a means to an end and he would have much rather been remembered as an epidemiologist than as a statistician. When, in 1922, at 25 years of age, he began his first epidemiological enquiry, he had had no training in epi demiology -which was hardly surprising as there was none to be had. What he did have was the friendship and guidance of Major Greenwood and, at that time, there was none better.
Surveys
His first investigation was undertaken to find out why mortality rates in country districts were relatively high at 15-30 years of age, while being relatively low at other ages. He wrote that This study (Hill, 1925) and several others that he undertook on behalf of the Industrial Health Research Board into the sickness experience of weaving operatives (Hill, 1927) , printers (Hill, 1929) , cotton spinners (Hill, 1930) , and London Transport workers (Hill, 1937) , were characteristic of epidemiological work of the period, which used routinely col lected morbidity and mortality statistics and attempted to elucidate them by means of popula tion surveys. Hill continued to use these methods throughout his career but showed much originality in adapting them to solve different problems.
In 1948, for example, he used the death certificates held by the Medical Officer of Health of an area in which a factory for making arsenical pesticides was situated, to show that men exposed to inorganic arsenic had an increased mortality from cancer of the lung as well as from cancer of the skin, by showing that the proportion of deaths attributed to these diseases among men described as having worked at the factory on their death certificates was signifi cantly higher than the proportion in other men in the same area of corresponding ages (Hill & Faning, 1948) . Moreover, the excess was concentrated in the small number of chemical workers. Meanwhile, others had examined the workers to determine the prevalence of arsenical dermatitis and measured the arsenic concentration in the air (Perry et al., 1948) . In the introduction to their report of this work, Hill and Faning laid out very clearly the data required for a cohort study, but they were not available in the factory records.
A year later, he used insurance records to identify women who had drawn maternity ben efit less than a year after having drawn sickness benefit for rubella or morbilli and Galloway examined the children for congenital deformities. The number of cases was too few for much to be learnt (Hill & Galloway, 1949 ) but when two more years' data were added after the introduction of the National Health Service, and varicella and epidemic parotitis were added to the illnesses of interest, clear evidence was obtained that the risk of inducing a specific congenital malformation was limited to attacks of rubella and then only if the infection occurred in the first trimester, and that the risk was substantial only if the infection occurred within four weeks after the last menstrual period (Hill et al., 1958) .
Case-control studies
These methods had, however, little power to discover new causes of disease and it was through the development of case-control studies and the guidelines he produced for drawing conclusions about causal relationships that he made his greatest contributions to epidemio logical science.
When Bradford Hill was asked by the Medical Research Council to try to find out what had caused the great increase in the number of deaths attributed to lung cancer, very few formal case-control studies had been carried out to seek for causes of non-infectious disease and the few that had been, such as Stocks ' and Kam's (1933) study of over 400 patients with various types of cancer and a similar number of control patients with other diseases, were relatively crude. In the study that he designed, and in which I had the good fortune to be asked to help him, the authorities in 20 London hospitals were asked by the Medical Research Council to notify patients who had been admitted with a diagnosis of cancer of the lung, stomach, or large bowel, to permit a hospital social worker to interview them, to select for interview another patient as a control, and to permit the hospital diagnosis to be subse quently checked after the patient's discharge.
Patients and controls were matched for sex, age within the five year age group, and to be in the same hospital at about the same time -the temporal characteristic being introduced because sharp changes in taxation of tobacco had occurred after the war which influenced the amount smoked. Further matching was thought inadvisable on the grounds that important differences might unintentionally be matched out. No restriction was placed on the disease of the control patients, apart from the exclusion of patients with cancers of the stomach and large bowel (also under investigation) and patients with other cancers of the upper respiratory and digestive tracts, for which there was rudimentary evidence to suggest that they might be related to tobacco.
Five other features of the study were notable. First, patients with cancers of the stomach and large bowel had been included, partly to permit a distinction between factors responsible for cancer in general (if there were any such) and partly in the hope that cancer patients could be interviewed 'blind' without the interviewer knowing which type of cancer the patient had. Provision was made for interviewers to indicate whether the diagnosis was known at the time of the interview and it turned out that, for one reason or another, it nearly always was, and this attempt to eliminate bias failed. There proved, however, to be a better test for bias, as a substantial proportion of patients interviewed in the belief that they had lung cancer did not have the disease and it was possible to show that their smoking habits, unlike those of patients proved to have the disease, were almost identical with the smoking habits of the con trols. Secondly, each interviewer was required to interview both cases and controls and a test was made to see if different interviewers obtained the same results. Thirdly, strict criteria were defined for the categorization of an individual as a non-smoker, which proved to be the key to obtaining clear results, as the difference in the proportions of lifelong non-smokers as defined was so great. Fourthly, the reliability of the smoking histories was tested by re-interviewing a sample of control patients after an interval of six months. Fifthly, the results were used for the first time in a case-control study to quantify the relative risk associated with dif ferent exposures. This paper, according to Susser in his account of the evolution of epidemi ology in the United States (Susser, 1985) set 'a new standard for the case-control study . . . It stands as a classic example for the investigation of a given outcome and an array of expo sures. No previous research paper lays out the essentials of the case-control method with such understanding and meticulous care.'
Evidence o f causation
Equally important as the design of the study, was the discussion of the results, which set out for the first time the conditions that had to be met before it could be concluded that an associa tion observed in a case-control study could be interpreted as indicating cause and effect. First it had to be shown that the association was unlikely to be attributable to chance, to bias in the selection of both patients and controls, on the part of the patients in reporting their histories, or on the part of the interviewers in recording them, or to some other characteristic associated with the specific exposure that was the actual cause of the disease, which would now be called con founding. The tests that were then used to reach the conclusion that 'smoking is a factor, and an important factor, in the production of carcinoma of the lung' were subsequently formalized in Bradford Hill's Presidential Address to the Section of Occupational Medicine of the Royal Society of Medicine (Hill, 1965) and summarized under nine heads in later editions of his Principles of Medical Statistics (Hill, 1966) : namely, the strength of the association, consis tency in multiple studies, specificity, temporal relationship, a biological gradient in risk, biolog ical plausibility, coherence of evidence, experimental evidence, and analogy.
Bradford Hill's comment on two are still of special interest. Important though specificity is, it must not be carried too far. Berkson (1959) , for example, argued that smoking could not be the cause of any of the diseases with which it was associated, because it was associated with so many. This, Bradford Hill said, was nonsense. For smoke was a complex mixture (much more complex, as it turned out, than was dreamt of at the time) and its different con stituents could cause different diseases in different ways, just as the consumption of milk, a carrier of infection, had been a cause of scarlet fever, diphtheria, tuberculosis, undulant fever, sore throat, dysentery, and typhoid fever. Biological plausibility, too, helpful though it is, is a feature we cannot demand. There was, for example, no biological knowledge to sup port the evidence of the effects on the fetus of rubella in the pregnant mother.
Clearly, Bradford Hill concluded, none o f these nine view points can bring indisputable evid en ce for or against a cause-and-effect hyp oth esis and equally none can be required as a sine qua non. W hat they can do, w ith greater or less strength, is to help us to answer the fundam ental questioni there a before us, is there any other answer equally, or more, likely than cause and effect?' [H ill, 1966] In the case of smoking and carcinoma of the lung, the answer was firmly 'no'.
Cohort study
Although Bradford Hill was satisfied that the evidence could lead to only one conclusion, he found that it was dismissed by the many people, including many senior scientists, who had little understanding of the real strengths and weaknesses of epidemiological methods. It was clear, therefore, that if further progress was to be made, a new approach was needed that would avoid the difficulties associated with the interpretation of the case-control studies. It should 'deter mine the frequency with which the disease appeared in the future among groups of persons whose smoking habits were already known' and could, in consequence, be defined as a prospective study in contrast to the retrospective case-control study, basing his choice of words on the definitions given in the Oxford English Dictionary (Doll & Hill, 1954) . Doctors, Bradford Hill thought, would make a suitable population to study, for they should not only be interested enough in the problem to be willing to report their smoking habits, and to do so reasonably accurately, but they should also be easy to follow because of their need to remain on the Medical Register, and both beliefs proved correct. The first results obtained after only 2A years, when 36 deaths attributable to lung cancer had been reported in men, showed a gradient in mortality from the disease with increasing amount smoked that was almost identical with that observed in the retrospective study. Despite the small number of deaths, the trend with the amount smoked, standardized for age, was statisti cally significant (p, two-sided, 0.04) and it was thought necessary 'in view of the nature of the results to lay [them] before the survivors of the 40 000 men and women who made them possible' (Doll & Hill, 1954) . Because of the short period of observation, it had not been thought necessary to calculate man-years at risk, which at the time had to be done clerically with the aid only of a Hollerith card sorter, and it was not until more solid results were obtained after 4A years, when a relationship was also observed between smoking and coro nary heart disease, that a precise analysis was carried out based on a count of man-years at risk (Doll & Hill, 1956) .
With the passage of time, substantial numbers of deaths accumulated and by the time of Bradford Hill's retirement, the numbers of deaths in men were sufficient to indicate causal relationships between smoking and mortality from cancers of the lung and of the upper respi ratory and digestive tracts, chronic bronchitis, coronary heart disease, and peptic ulcer and significant relationships, which it was thought might be due to confounding with pulmonary tuberculosis and cirrhosis of the liver. By then, too, the deaths in the much smaller number of women doctors were sufficient to confirm that smoking also caused an increased risk of lung cancer in women (Doll & Hill, 1964) .
T ony, the m a n That Bradford Hill's teaching bore fruit and the methods he introduced were adopted so quickly was due not only to their intrinsic worth, but also to the clarity of his exposition and the temperate way in which he advanced his ideas. For Tony, as he was known to everyone, was a quiet, unassuming, private person who sought to lead but not to drive. In committee he expressed his opinion firmly and cogently, but never sought to impose it. He was, conse quently, listened to with respect and his advice was nearly always accepted. In public he sought to avoid controversy. Though distressed by Sir Ronald Fisher's attacks on his interpretation of the association between smoking and the incidence of lung cancer -which, on one occasion to my personal knowledge, went so far as to accuse him of scientific dishonesty -he preferred to let the facts speak for themselves, rather than embark on public dispute. He took immense trouble over his lectures, which he gave without the use of visual aids, and rehearsed and read so well that his audience frequently thought that he was speaking without a text. Even those who were not interested in the subject matter were, moreover, kept attentive by the occasional witty aside, which, it must be said, could sometimes be considered indelicate by the prudish -a penchant for which he retained until the last few months of his life.
As a department head, his door was always open to any junior who sought his advice and he saw his job as being to provide the conditions under which his university and research staff could be most productive. The consequence was that no-one who worked in his depart ment ever wanted to leave and it was only with the greatest difficulty that they could be prized away to take up professorships elsewhere. Those of us who inherited his empireDonald Reid, who sadly died shortly afterwards, Peter Armitage, and myself -were all sad dened when we learnt of his decision to retire a year earlier than he needed to. For our admi ration of Tony as a scientist and teacher was equalled by our fondness for him as a friend.
He retired early and withdrew almost entirely from scientific activity to devote his time to his wife who, he said, had devoted herself to his care while they were engaged, when he had pulmonary tuberculosis and thought unlikely to survive. Sadly, she developed Alzheimer's disease and he looked after her personally at their home in Little Kingshill, Bucks, until a few months before her death in 1980. He then lived with his married daughter, incapacitated by frequent transient ischaemic attacks, one of which left him with a weak left leg. Eventually he had to go into a nursing home in Cumbria, where he died having just failed to achieve his ambition of being recorded in every census in the 20th century.
The photograph was taken before 1977. 
